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OutlineOutline

• GRB observations with Fermi

• Studies of deterministic LIV

• Stochastic LIV
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• Large Area Telescope (LAT)

– Large field of view (2.4 sr @ 1 GeV)

– Sees the entire sky every 3 hours

– 20 MeV to >300 GeV

– Onboard and ground burst triggers

– Localization, spectroscopy
• Gamma-ray Burst Monitor (GBM)

– Sees the entire unocculted sky (>9.5 sr)

– 8 keV to 40 MeV

– 12 NaI detectors (8 keV to 1 MeV)

• Onboard trigger, onboard and ground 
localizations, spectroscopy

– 2 BGO detectors (150 keV to 40 MeV)
● Spectroscopy

Atwood et al. 2009, ApJ 697, 1071
Meegan et al. 2009, ApJ 702, 791

The instruments onboard The instruments onboard FermiFermi

A broad energy range and sky coverage 
to study GRBs
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Fermi Fermi GRB statistics and catalogsGRB statistics and catalogs

• The GBM detected > 2000 bursts (~250 / yr)
– Including 17% of short GRBs

• The LAT detects ~10% of GBM GRBs in its field-of-view above 100 MeV
– LAT bright GRBs with good localizations are all followed-up by Swift
– From z=0.145 (GRB 130702A) to z=4.35 (GRB 080916C)
– Flux-limited sub-sample of the normal GRB population

• First LAT GRB catalog: 3 years, 35 GRBs (30 long, 5 short)
– 10 redshift measurements, from z=0.74 (GRB 090328) to z=4.35 (GRB 080916C)

Paciesas et al. 2012, ApJS 199, 18
Goldstein et al. 2012, ApJS 199, 19
Von Kienlin et al. 2014, ApJS 211, 13
Gruber et al. 2014, ApJS 211, 12
Yu et al. 2016, A&A 588, 135
P. Narayana Bhat et al. 2016, ApJS 223, 28

Ackermann et al. 2013, ApJS 209, 11 
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Improved performance with LAT Pass 8 dataImproved performance with LAT Pass 8 data

• Pass 6 data: released in August 2009 (pre-flight)
● Pass 7 data: released in August 2011 (fix for so-called “ghosts”)
● Pass 8 data: released in June 2015

− New event reconstruction and classification algorithms → larger effective area, better 
PSF, lower energy threshold for spectral analysis

On-axis effective area Acceptance-weighted energy resolution
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Towards the 2Towards the 2ndnd LAT GRB catalog LAT GRB catalog

• New scheme to detect GRBs
− Overcomes large systematic error on

the GBM localization
− Searches on different time scales

• Increase by >50% of the LAT detection rate
− >130 GRBs in 9 years, including ~12 SGRBs
− Also evident in published GCNs!

Vianello+2015

Cumulative number of detections

Omodei+2016

PRELIMINARY

PRELIMINARY

GBM catalog
LAT Catalog

Among the brightest and
most fluent GBM GRBs
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GRB 130427A multi-detector light curveGRB 130427A multi-detector light curve

• Highest g-ray fluence ever
(> 10-3 erg cm-2)

• E
iso

 = 1.4 x 1054 erg

• Brightest LAT GRB
– >500 photons >100 MeV

– 15 photons >10 GeV

• Unlike other bright LAT 
GRBs, the LAT >100 MeV 
emission is temporally 
distinct from the GBM 
emission

• LAT >100 MeV emission is 
delayed and temporally 
extended

− Delay ~10 s, continues well 
after the prompt phase

− 73 GeV photon detected at 
T

0
+19 s

Ackermann et al. 2014, Science 343, 42
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Temporal propertiesTemporal properties

• The delay in the onset of the >100 MeV emission and its temporal extension are 
common to the vast majority of LAT-detected GRBs

• Suggests independent emission processes at keV-MeV and >100 MeV energies

Short GRBs
Long GRBs

Ackermann et al. 2013, ApJS 209, 11

Short GRBs
Long GRBs
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GRB 130427A afterglow in X-rays and GRB 130427A afterglow in X-rays and gg-rays-rays

• Brightest X-ray afterglow 
ever detected

• Longest-lived gamma-ray 
emission: LAT emission 
detected for 19 hours

• LAT light curve is ~smooth

• LAT spectrum described by 
a power law at all times

− Spectral index a
EX 

~ -2

• Common features between 
LAT and lower energy light 
curves

• Record breaking 95 GeV 
photon at T

0
+244 s

Ackermann et al. 2014, Science 343, 42
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● Luminosity >100 MeV: broken power-law 
decay in 3 cases

→ internal origin of the GeV early emission?

● E.g., GRB 090926A:
− Temporal break Tb ~ T0+40 s

(observer frame)

− Break time well after the end of the prompt MeV 
emission (T0+22 s)

● At late times : photon index ~ -2 and 
temporal index ~1 → synchrotron emission 
from a blast wave in adiabatic expansion

● Disentangling both contributions needs time-
resolved spectra AND variability studies

Ackermann et al. 2013, ApJS 209, 11

Two successive phases of the GeV emissionTwo successive phases of the GeV emission
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Yassine et al. 2017, A&A 606, 93

GRB 090926A prompt light curveGRB 090926A prompt light curve

• Fluence = 2.2 x 10-4 erg cm-2

• E
iso

 = 2.2 x 1054 erg

• Delay ~ 4.5 s
• Temporal extension

(210 s in the LAT)

• Correlated variability in 
various bands with a
sharp spike at T

0
+10 s

• All energy ranges 
synchronized (<50 ms)

• → Internal origin of the 
early GeV emission?
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GRB 090926A prompt spectrumGRB 090926A prompt spectrum

Yassine et al. 2017, A&A 606, 93
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GRB 090926A: jet speed and emission radiiGRB 090926A: jet speed and emission radii

Yassine et al. 2017, A&A 606, 93

● Temporal evolution of the high-energy break
● Variability

→ Jet Lorentz factor decreases from 230 to 100 
during the prompt emission

→ Emission radii R~1e14 cm

→ Internal origin of the keV / MeV / GeV emissions

(e.g., synchrotron + inverse Compton)



• QG effects may cause violations of Lorentz Invariance (LIV)
→ speed of light in vacuum may acquire a dependence on its energy → υγ(Eγ

)≠c.

• The Lorentz-Invariance violating terms are typically expanded using a series of powers 
of the photon energy E

γ
 over the Quantum Gravity mass M

QG
:

 where s
n
={-1,0,+1} is a model-dependent factor.

•The Quantum-Gravity Mass M
QG

• Sets the energy (mass) scale at which QG effects become important. 
• Is expected to be of the order of the Planck Mass and most likely smaller than it

Lorentz-Invariance ViolationLorentz-Invariance Violation



• Since                                , the sum is dominated by the lowest-order term (n) 
with s

n
≠0, usually n=1 or 2 (“linear” and “quadratic” LIV respectively):

where sn=+1 or -1 for subluminal and superluminal speeds respectively.

• There are many models that allow such LIV violations, and some others that 
actually require them (e.g. stringy-foam model J. Ellis et al. 2008).

• If the speed of light depends on its energy, then two photons with energies Eh>El  
emitted together will arrive at different times. For sn=+1 (speed retardation):

• We want to constraint LIV → Set lower limits on M
QG,n

➢We accomplish that by setting upper limits on the time delay Δt between photons 
of different energies.

Lorentz-Invariance ViolationLorentz-Invariance Violation



LAT All events

LAT >100MeV

LAT >1GeV

GBM NaI
8-260keV

GBM BGO
 0.26-5MeV

LAT – E vs T

 We set upper limits on the delay Δt by 
associating the 31GeV photon with a lower-
energy emission interval. 

 The starting time of that interval sets an 
upper limit on the time delay Δt

 Most conservative case: 31GeV photon was 
not emitted before the start of the GRB: 

Δt≤860ms ↔ M
QG,1

≥1.19M
Pl

 Photon was emitted some time after the start 
of the main <MeV emission:

Δt≤300ms ↔ M
QG,1

≥3.42M
Pl

 
 Photon was emitted some time after the start 

of the >MeV emission:
Δt≤178ms ↔ M

QG,1
≥5.72M

Pl
 

 Photon was emitted some time after the start 
of the >1GeV emission:

Δt≤99ms ↔ M
QG,1

≥10.0M
Pl

GRB 090510GRB 090510

Abdo et al. 2009, Nature 462, 331



 Any energy-dependent time delays in our data would deform the high-energy peaks in 
the LAT light curve.

 We can search for the spectral-lag value that cancels any such dispersions and 
maximizes the sharpness of the lightcurve.

 A non-zero spectral-lag value would be a result of LIV and/or intrinsic to the GRB.

A simulated GRB light curve with a 
20ms/GeV spectral lag.

The same light curve after applying an 
opposite lag (peaks now maximally sharp)

*Scargle J. D. et al. astro-ph/0610571v2

Dispersion cancellationDispersion cancellation



 Searched for spectral lags using all the LAT detected events (35MeV-31GeV).
 The curve shows a measure of the sharpness of the light curve (Shannon information)          

                                             versus the trial spectral lag. 

 The solid vertical line denotes the minimum of the curve, which is our effective spectral-lag 
measurement.

 The containment interval denoted by the vertical dashed lines is an approximate error 
region, but does not reflect statistical uncertainties.

 Our effective spectral-lag 
measurement: 

➔ The lightcurve was already maximally 
sharp.

✔ Similar results were obtained after 
small changes to the upper energy 
limit and the time interval of the used 
dataset.

Finding the spectral lagFinding the spectral lag



 We applied the same method on randomized 
datasets (shuffled the times between events) 
to measure the uncertainty of the measured 
spectral-lag value.

– 99% of the times the randomized data 
sets corresponded to a spectral lag 
smaller than ±30ms/GeV (90% of the 
times in ±10ms/GeV).

 Combined result: symmetric upper limit on the spectral lag coefficient:

|Δt/ΔΕ|<30ms/GeV ↔ M
QG,1

>1.22M
Pl
 

(99% C.L.) on possible linear (n=1) dispersion of either sign (s
n
=±1).

 Limit almost the same as the most conservative limit of the previous method.

Distribution of the 
best trial-spectral 
lag values in 100 
randomized 
datasets. 

Estimating the statistical errorEstimating the statistical error



● We constrained small changes in the speed of light caused by linear and quadratic 
perturbations in (Eγ/MQG). 

● Using two independent techniques, we have placed strong limits on linear 
perturbations for both super- and sub-luminal speeds that were all higher than the 
Planck Mass.

● Our results support Lorentz invariance and disfavor models in which a quantum 
nature of space-time alters the speed of light, giving it a linear dependence on 
photon energy.

Initial results on GRB 090510Initial results on GRB 090510

Abdo et al. 2009, Nature 462, 331



Improving upon the first LIV results Improving upon the first LIV results 

Vasileiou et al. 2013, PRD 87, 122001



Method #1: pair viewMethod #1: pair view



Method #2: sharpness maximizationMethod #2: sharpness maximization



Method #3: likelihood analysisMethod #3: likelihood analysis



95% lower limits (subluminal case)95% lower limits (subluminal case)

Vasileiou et al. 2013, PRD 87, 122001



95% lower limits (superluminal case)95% lower limits (superluminal case)

Vasileiou et al. 2013, PRD 87, 122001



Stochastic LIV with GRB 090510Stochastic LIV with GRB 090510

Vasileiou et al. 2015, Nature Physics 11, 344



Stochastic LIV with GRB 090510Stochastic LIV with GRB 090510

Vasileiou et al. 2015, Nature Physics 11, 344

Light curves (Eth=300 MeV) Construction of F.C. confidence belt
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Summary & conclusionsSummary & conclusions

● GRB population studies at high energies are now possible with Fermi
− GRB >100 MeV emission is delayed & temporally extended w.r.t. the emission in the keV--MeV range

● Prompt emission phase observed over a wide energy range
− Complex spectral shapes are needed to reproduce the spectrum

− Broad-band physical models are a pre-requisite to understanding GRB high-energy emission

− Origin of the delayed onset of the LAT >100 MeV emission?

− Understanding the transition from the prompt emission phase to the early phase is of great importance
● Long-lived GeV emission is consistent with the canonical afterglow model

● Four GRBs detected by LAT to produce robust and stringent constraints on LIV
● Methodology

− Three different and complementary techniques – one of them brand new

− The techniques used the full range of statistics instead of a single event
●  We improved the existing limits for both linear and quadratic LIV

− Also constrained the superluminal quadratic case (first such result I know of)

− The limits from the other 3 GRBs are all also quite strong,
for most of the cases ~an order of magnitude within E_Planck

● Our results disfavor any class of models implying LIV below or right above the Planck 
scale
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